The ciliate family Cyrtolophosididae Stokes, 1888 contains species that are poorly known from both the morphological and molecular perspectives. To further our understanding of this family, one species, Aristerostoma marinum Kahl, 1931, was redescribed. Cells in our population had a mean in vivo size of 15¾8 mm. There were six rows of somatic kineties, as well as six dorsal kinetids belonging to sparsely ciliated somatic kineties. The oral apparatus comprised a bipartite paroral membrane and four adoral organelles. The optimal ecological tolerances for pH and O 2 matched those of the environment in which the specimens were collected, but were different for salinity and temperature. To further test the phylogenetic placement of the family Cyrtolophosididae with increased taxon sampling, the small subunit rDNA of three morphospecies was characterized: A. marinum, Aristerostoma sp. ATCC 50986 and Pseudocyrtolophopsis alpestris. Unconstrained and constrained molecular analyses supported the non-monophyly of the order Cyrtolophosidida. The family Cyrtolophosididae fell out separately from the rest of its order. Haplotypes from previous environmental studies were also placed in a phylogenetic context within the class Colpodea.
INTRODUCTION
Like other taxa in the class Colpodea Lynn and Small, 1981 , the taxonomic history of the family Cyrtolophosididae Stokes, 1888 is one of shifting classifications. Members of the group were originally placed in the family Frontoniidae by Kahl (1931) and later in the family Tetrahymenidae by Corliss (1961) . Foissner (1978) used silverline patterns and Didier et al. (1980) , Lynn (1981) and de Puytorac et al.
(1979) used transmission electron micrographs of kinetid ultrastructure to link this family with other members of the class Colpodea. The family Cyrtolophosididae was then placed in the order Cyrtolophosidida with other genera, such as Platyophrya and Sagittaria, that have micronuclei and macronuclei that share an outer membrane of the nuclear envelope (Foissner, 1985 (Foissner, , 1993 .
The family Cyrtolophosididae is currently diagnosed with a number of morphological characters: species have a bipartite paroral membrane, a 'colpodid' silverline pattern and a non-ciliated kinety on the right margin of their adoral organelles (Foissner, 1993) . Morphological variation among the four described genera in the family, Aristerostoma, Cyrtolophosis, Plesiocaryon and Pseudocyrtolophosis, is not as distinct; Foissner (1993) has even suggested that they might need to be synonymized. Most species are relatively small, 20-35615 mm, with a few living in presumably mucocyst-derived tubes (Foissner, 1993) . Some of these, such as Aristerostoma marinum (part of the focus of this manuscript), lack modern descriptions and silver impregnations.
The phylogenetic placement of the family Cyrtolophosididae has recently been questioned. In a molecular analysis of all orders within the class Colpodea using small subunit rDNA (SSU-rDNA) sequences, two Cyrtolophosis mucicola sequences branched separately from the rest of its morphologically defined order (Dunthorn et al., 2008) . This result challenges the use of the shared outer membranes of the nuclear envelopes to unite the order Cyrtolophosidida. The non-monophyletic SSU-rDNA topology of the order, though, requires further evaluation with increased taxon sampling.
Here we redescribe A. marinum and a new name-bearing type is designated. We also move sampling beyond the only one sequenced species, C. mucicola, and further test the monophyly of the order Cyrtolophosidida with three previously uncharacterized morphospecies in two genera using SSU-rDNA phylogenetic analyses. Morphological and molecular hypotheses are compared with constrained analyses and possible issues leading to differences between the morphological and molecular hypotheses are examined. Furthermore, we place GenBank accessions from previous SSU-rDNA environmental surveys in the context of our increased taxon sampling within the family Cyrtolophosididae.
METHODS
Taxon sampling. Three morphospecies in the family Cyrtolophosididae were isolated for this study and their SSU-rDNA was sequenced (Table 1) . A. marinum was collected from surface waters of the Framvaren Fjord in south-west Norway (58u 099 N 06u 559 E). Pure cultures for a redescription of this species were established using Schmaltz-Pratt medium (per litre: 0.01 g K 2 HPO 4 . 3H 2 O, 0.1 g KNO 3 , 1.45 g CaCl 2 . 2H 2 O, 6.92 g MgSO 4 . 7H 2 O, 5.51 g MgCl 2 . 6H 2 O, 0.67 g KCl and 28.15 g NaCl) with heat-inactivated Klebsiella minuta as a food source. Aristerostoma sp. ATCC 50986 was originally collected from a marine environment in the Great Marsh, Delaware, USA, where grey mud was found mixed with roots, sand and clay. This isolate will be examined morphologically elsewhere. Pseudocyrtolophopsis alpestris was collected from the litter of a spruce forest in Lambrechtshausen, near Salzburg, Austria, by W. Foissner.
With the addition of the two GenBank accessions for C. mucicola and sequences from environmental studies (Table 1) , there are now eight exemplars in the family Cyrtolophosididae. Sequences from the rest of the order Cyrtolophosidida and from the other Colpodea orders are from GenBank (Table 1) . Outgroup selection was based on previous studies.
Light and electron microscopy. For light microscopy of living and stained cells, a Zeiss Axioplan 2 microscope was used. Protargol impregnation followed the method of Foissner et al. (1999) , with the cells fixed in 1 ml aqueous saturated HgCl 2 with 100 ml Bouin's fluid (cell volume/fixative volume 1 : 1, 30 min, room temperature). Due to cell sensitivity, a high salt concentration in the medium (leading to the formation of precipitates during processing) and a mucus shell covering the organisms (mucocysts, see Results), other staining and For scanning electron microscopy (SEM), cells were processed following the method of Stoeck et al. (2005) with slight modifications for fixation: cells/fixative, 1 : 1; osmium tetroxide fixative [2 % in artificial seawater (ASW; 36 %) and ASW following Stetter et al. (1983) for 60 min at room temperature]. Stubs with fixed and dehydrated cells were coated with gold (Edwards E306) and observed with a Zeiss DSM940A instrument (Carl Zeiss GmbH).
Preparation of cells for transmission electron microscopy (TEM) followed the method of Stoeck et al. (2005) with slight modifications in the fixation procedure: a culture aliquot was first fixed with glutaraldehyde (2.5 % final concentration) for 60 min at 4 uC. Cells were pelleted and embedded in a 4 % low-melt sea-prep agarose (Roth) (Reize & Melkonian, 1989) with 4 % osmium tetroxide in ASW for 60 min in order to concentrate and handle the small target cells. Ultrathin sections were investigated with a Zeiss EM10 (Carl Zeiss GmbH) and documented on Kodak 4489 film (Eastman Kodak).
Terminology. Terminology follows Corliss (1979 ), Foissner (1993 and the International Code of Zoological Nomenclature (ICZN, 1999) . In designating a new type specimen, we follow Foissner (2002) by allowing the new name bearer to be from a different location than the specimen originally described by Kahl (1931) .
Autecology. The ecological tolerances of A. marinum towards four parameters (% O 2 in the headspace gas, pH, % salinity and temperature) were experimentally tested in 2 ml batch incubations. Cell activity was measured by counting moving and/or dividing cells under a dissection microscope within 24, 48, 72, 96 and 168 h periods after inoculation. The cultures were gradually adapted to higher/lower pH, salinity and temperature as outlined by Stoeck et al. (2005) .
All incubations were inoculated in six 2 ml parallels [six wells on a 24-well plate (Greiner)] in chemically adjusted Schmaltz-Pratt medium at room temperature (with the exception of the temperature experiment). Salinity was changed by the addition of 1 M NaCl or Volvic mineral water. Changes in pH were made by the addition of 1 M NaCO 3 or 1 M KH 2 PO 4 . The cells were inoculated after pH stabilization (24 h). Heat-deactivated K. minuta were added as a food source at a saturated concentration (10 8 -10 9 cells ml
21
).
The preferred oxygen regime was tested by incubation of seven 2 ml parallels in 10 ml injection bottles (Ochs GmbH). These were stored inside a gas-tight 1000 ml glass chamber containing a defined headspace gas composition [0, 1, 2 or 21 % oxygen in N 2 , 4.0 calibration gas qualities, (AirLiquide)]. Final O 2 -concentration in the medium was reached after 24 h (t 0 ). Anoxic conditions were established by flushing the medium and incubation vessel with N 2 (AirLiquide) and by the addition of anaerocult plates (Merck AG) as an oxygen scavenger. Suboxic and oxic incubations were flushed twice daily with the appropriate calibrated gas. For each gas concentration, four replicates were prepared, one of which was sacrificed after each of the testing periods (24, 48, 72, 96 and 168 h) to count moving and/ or dividing cells. All experiments were incubated at room temperature in the dark.
Amplification and sequencing. To extract genomic DNA, 0.5 ml aliquots of a culture or 5-10 individually picked cells were obtained with a micropipette, washed and processed using the protocol for cultured animal cells of the DNEasy Tissue kit (Qiagen). The SSUrDNA was amplified using the universal eukaryotic primers EukA and EukB (Medlin et al., 1988 (Swofford, 2002) . Haplotypes generated here and the environmental sequences from GenBank were placed into the alignment used in Dunthorn et al. (2008) , but with most non-Colpodea outgroups removed. The GTR+I+G evolutionary model was selected using hLTR in MrModeltest v2 (Nylander, 2004) .
Maximum-parsimony (MP) and maximum-likelihood (ML) analyses were carried out in PAUP* v4.0b8 (Swofford, 2002) with all characters equally weighted and unordered. The TBR heuristic option was used to search trees, running ten random additions with the MulTree option on. Support for MP and ML analyses came from 100 bootstrap replicates using heuristic searches. ML bootstraps were run on the Beowulf cluster at the University of Missouri St. Louis, USA. Bayesian analyses were carried out using MrBayes v3.2.1 (Huelsenbeck & Ronquist, 2003) with support coming from posterior probability using four chains and running 10 million generations. Trees were sampled every 1000 generations. The first 25 % of sampled trees were considered 'burnin' trees and were discarded prior to tree reconstruction. A 50 % majority rule consensus of the remaining trees was used to calculate posterior probability.
Constrained analysis. In addition to the genealogical analysis above, a ML analysis was carried out with all exemplars in the order Cyrtolophosidida constrained to be monophyletic in PAUP* v4.0b8 (Swofford, 2002) ; the particular relationships within the Cyrtolophosidida, though, were not specified. The resulting tree was compared with the unconstrained ML tree using a one-tailed KA test (Kishino & Hasegawa, 1989) as implemented in PAUP* v4.0b8 (Swofford, 2002) .
Rate class analyses. Using the full unconstrained alignment, nucleotide positions were partitioned into eight rate classes using HYPY v0.9b (Kosakovsky Pond et al., 2005) . The fastest rate class was removed from the alignment and explored using Bayesian analysis as above, except that 3 000 000 generations were run. The second fastest rate class was then also removed and examined likewise.
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RESULTS
Description of the neotype of Aristerostoma marinum Kahl, 1931 ( While free-swimming, the fast cells spiral, rotating around their longitudinal axis. Cells have no tendency to clump together either while swimming or in the resting state. After a few minutes under the microscope, numerous cells attach either to the water surface or to the coverslip with their posterior ends. In vivo, the ciliate is 9-23 mm in length (mean 15 mm, n529; measurements rounded to the nearest digit) and 4-11 mm wide (mean 8 mm, n529) ( Table 2 ). The neotype population of A. marinum has an oval shape, tapering towards the anterior end. An oral structure is visible in the anterior third of the cell (Figs 2b, 3), while the posterior end displays a pulsating vacuole (Fig. 1a) . While swimming, it becomes apparent that the left dorsal side is flattened. The cell surface displays prominent longitudinal ribs and on the right lateral side, the cortex carries easily recognizable rows of cilia. Only a few irregularly distributed cilia are recognizable on the dorsal side. In vivo, the somatic cilia are approx. 4 mm in length. We did not observe any resting stages in any of our cultures. Reproduction occurs by symmetrogenic binary fission (5perkinetal, Fig. 1b ).
All protargol impregnations were suboptimal ( Fig. 1c) and only the examination of numerous cells enabled a schematic drawing of protargol-impregnated structures (Fig. 3 ). Cells are 10-20 mm in length (mean 15 mm, n547) and 6-10 mm wide (mean58 mm, n547). The oval-shaped macronucleus is located submedian (in the posterior half of the cell) and has a mean diameter of 3 mm. In protargol preparations, the micronucleus is sometimes delimited from the macronucleus as a lighter-coloured structure with a mean diameter of 1 mm (Fig. 1c) . Protargol impregnation does not reveal whether the micronucleus lies within the nuclear membrane. The distribution of extrusomes (mucocysts) in the cell's cortex becomes visible (Fig. 1c) .
The oral structure appears subapical, but details cannot be resolved using this impregnation. Protargol-impregnated kinetids are displayed in the schematic drawing (Fig. 3) . The cell is characterized by six rows of somatic kineties. Kinety 1 consists of six dikinetids extending from the anterior end of the cell 2/3 towards the posterior along the longitudinal axis (Fig. 3) ; it is located right laterally. Also the right lateral kineties 2 and 3 consist of eight dikinetids each that extend along the complete longitudinal axis from the anterior to posterior poles (Fig. 3) . Kinety 4 (right lateral-dorsal) is composed of four dikinetids and three uniciliated kinetids (which are likely to be dikinetids), running from the anterior end of the cell 2/3 towards the posterior along the longitudinal axis (Fig. 3 ). Kinety 5 (dorsal-left lateral) comprises only two dikinetids located at the anterior end of the cell (Fig. 3 ). Kinety 6 (left lateralventral) also consists exclusively of dikinetids (n58), which extend along the whole length of the longitudinal axis and abut the oral apparatus left lateral (Fig. 3) . Six kinetids are on the dorsal side. They cannot be assigned to any of the six longitudinal kineties but probably belong to sparsely ciliated somatic kineties (Fig. 2a) . As we did not succeed in obtaining appropriate transmission electron micrographs of these kineties, we are not able to define whether we are dealing with mono-or di-kinetids; further TEM work is needed.
Electron microscopy
SEM confirms the protargol impregnation results (Fig. 2a-c ) and reveals details of the subapical oral structure of A. (Fig. 2b) . A gap-less paroral membrane surrounds the triangular oral structure on the right side consisting of five anterior dikinetids and three adjacent posterior monokinetids (bipartite) (Fig. 4) . The right margin of the oral structure is bulged and separates the paroral membrane from the oral structure (Figs 2b, 3). Longitudinal section of a cell showing the size, position and structure of the nuclear apparatus. The micronucleus (MIC) is distinguished from the nucleolus (NU) by its higher electron density (darker colour). The MIC and macronucleus (MAC) share an outer membrane of the nuclear envelope. However, we were not able to reveal the detailed structure of the nuclear membranes (arrow). Bars: 5 mm (a, c, e); 0.5 mm (b); 2.5 mm (d).
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Four adoral organelles (membranelles 1 to 4) originate from the vestibulum. Membranelle 1 consists of four kinetids and emanates in the upper anterior end of the slightly depressed vestibulum. Three more adoral organelles (membranelles 2 to 4), each consisting of four kinetids derived from the vestibulum, each comprise two cilia rows. Two additional dikinetids are located right below the posterior end of the oral structure, but could not be assigned to any of the six somatic kineties (Fig. 2a) . All dikinetids possess two cilia.
TEM observations (twelve individual cells were analysed) of our collection of A. marinum show numerous extrusomes (mucocysts) located below the pellicle. These mucocysts are highly sensitive and partly discharged during cell fixation. Mitochondria are characterized by tubular cristae (Fig. 2d-e) . The micronucleus and the macronucleus share an outer membrane of the nuclear envelope; we were not able to clarify the exact organization of this membrane. The nucleolus is located peripherally and is clearly visible as a dense round structure.
Autecology (Fig. 5) A. marinum is a bacterivore with a preference for smaller bacteria (,1 mm, data not shown). In mixed cultures we did not observe smaller flagellates in the food vacuoles.
Laboratory autecological experiments show that the optimal salinity for cell growth is between 35 and 40 %, with growth ceasing below 17.5 and above 45 % salinity. Cell growth is highest between pH 7 and 8, with growth ceasing below pH 4 and above pH 10. Cell growth is highest at 28 u C, but stops at temperatures below 12 u C and at 37 u C. A. marinum is an obligate aerobe with the highest growth rate observed when the level of oxygen is 21 % in the headspace, with growth ceasing at oxygen concentrations below 1 %.
Pairwise SSU rDNA sequence differences within the family Cyrtolophosididae
The mean pairwise distance among the eight Cyrtolophosididae sequences generated here and from GenBank is 5.413 %. The pairwise distance between the two Aristerostoma spp. collections is 3.99 %. The distances between P. alpestris and HAVOmat-euk43 and LKM63 are 0.65 and 0.889 %, respectively.
Genealogical analysis
The SSU-rDNA alignment used for testing the phylogenetic placement of the family Cyrtolophodididae contains 43 sequences, including the three new morphospecies sequenced here: Pseudocyrtolophopsis alpestris and two in the genus Aristerostoma. The alignment has a length of 1623 unmasked nucleotides, 347 of which are parsimony-informative. The most parsimonious tree from the MP analysis is 1580 steps in length, with a Consistency index of 0.48, and a Homoplasy index of 0.52. The most likely tree from the ML analysis has a lnL of 210080.85. The most likely tree from the Bayesian analysis has a lnL of 210109.04 (Fig. 6 ).
With the limited outgroups used for this study, the class Colpodea is monophyletic with weak support from all methods of analysis (57 MP bootstrap/2 ML bootstrap/ 0.88 Bayesian posterior probability; support less than 50 % or 0.5 is shown as '2'), but see Dunthorn et al. (2008) for an alternative view. Trees generated from each method have largely congruent topologies within the class. In the MP tree, Bryometopus pseudochilodon is basal to its order (plus the order Bursariomorphida), while in the ML and Bayesian trees Bryometopus sphagni is basal. In the Bayesian tree, the chain-forming colpodid Colpoda steinii and the order Grossglockneriida form a clade, although not supported, while in the MP and ML analysis these taxa 
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form a polytomy with Colpoda aspera and Hausmanniela discoidea.
The order Cyrtolophosidida falls out in two groups with moderate to well supported intervening nodes between them. Cyrtolophosidida I contains all exemplars from the family Cyrtolophosididae and the included environmental samples available from GenBank, with strong to full support from all methods (97/100/1.00). Cyrtolophosidida II contains the remaining exemplars from the order Cyrtolophosidida with the order Sorogenida embedded within them and receives full support from all methods (100/100/1.00).
Relationships among the sampled Cyrtolophosididae are for the most part well resolved. Both Aristerostoma sequences form a clade with full support from all methods (100/100/1.00). The genus Aristerostoma is sister to the rest of the Cyrtolophosididae with high to full support from all methods (92/87/1.00). Cyrtolophosis mucicola is in turn sister to Pseudocyrtolophosis nana and the environmental samples with low support from all methods (2/64/0.67).
Comparisons of hypotheses
To compare the morphological hypothesis of Foissner (1993) (where the Cyrtolophosidida is monophyletic) with that of the SSU-rDNA gene tree estimated here (where it is not), the likelihood between the alternative hypotheses was examined. The ML genealogy from the constrained analysis where the Cyrtolophosidida was forced to be monophyletic has a lnL of 210221.46 (tree not shown). This likelihood value is 140.61 less than the non-constrained ML genealogy and is rejected by the KA test (P value ,0.000) in favour of the non-constrained tree. This indicates further support for the non-monophyly of the Cyrtolophosidida.
Long-branch attraction
Nucleotides were partitioned into eight rate classes to test the possibility that the non-monophyletic topology of the Cyrtolophosidida is a spurious result due to unequal rates of mutation. If long-branch attraction is affecting the full dataset, then subtracting the fastest evolving nucleotide sites should remove its effect. Fig. 4 . Schematic drawing of the idealized oral structures (paroral membranes and adoral organelles) of genera in the family Cyrtolophosididae. Note that there can be considerable variation among species within the genera, including in the number and size of adoral organelles. In some species there may be a short oblique kinety situated anteriorly to the uppermost adoral organelle.
Fig. 5. Ecophysiological tolerance limits of
Aristerostoma marinum population Framvaren Fjord. Samples were tested for salinity, pH, temperature and oxygen tolerance.
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The SSU-rDNA alignment with the fastest rate class removed has 1462 unmasked nucleotides, 134 of which are parsimony-informative; the most likely tree from the Bayesian analysis has a lnL of 25717.45 (data not shown). The SSU-rDNA alignment with the fastest and second fastest rate classes removed has 1256 unmasked nucleotides, 35 of which are parsimony-informative; the most likely tree from the Bayesian analysis has a lnL of 22769.44 (data not shown). In both of these trees much of the structure of the topology is lost among and within clades; however, the Cyrtolophosididae does not branch next to, nor nest within, the other Cyrtolophosidida taxa within either tree. These results support the view that the nonmonophyletic topology of the Cyrtolophosidida is not the result of long-branch attraction. Reference to the neotype Individual specimen marked with a circle on slide 1 at the collection of microscopic slides of the Biology Center at the Upper Austrian Museum Neotype material Neotypified from brackish surface waters of the Framvaren Fjord in south-western Norway (58 u 099 N 06 u 559 E) for the following reasons: (i) no type material is available and no type location has been defined; (ii) the existing descriptions are decisively incomplete; (iii) the genus has a proposed subjective junior synonym (Foissner, 1993) ; (iv) there are several similar species whose identity is threatened by the species to be neotypified; (v) new preparations ('neotype slides') are of a quality allowing the specific features to be clearly recognized. The sample from which we isolated A. marinum was taken with a Niskin bottle at a depth of approx. 3 m. At the time of sampling, the temperature of the surface water was 16 u C, salinity was 15 % and the water was saturated with oxygen. Nutrient measurements indicated oligotrophic conditions. The species was isolated directly from the natural sample without prior enrichment.
DISCUSSION
Emended diagnosis (based on the Framvaren neotype population) Size in vivo 9-2364-11 mm, not contractile, oval shape, tapering anteriorly, one spherical-ellipsoid macronucleus located in the centre of the cell, one smaller spherical-ellipsoid micronucleus, both nuclei share an outer membrane of the nuclear envelope, extrusomes (mucocysts) hardly recognizable in vivo but impregnate well with protargol, six rows of somatic kineties, oral apparatus subapical located anteriorly, oral aperture triangular, four oral membranelles, bipartite paroral membrane on right slope of vestibulum, consists of five anterior dikinetids and three uniciliated kinetids (although they may be dikinetids), one contractile vacuole is located posteriorly, no resting stages observed.
Detailed description of Framvaren neotype population
See results.
Occurrence and ecology: euryhaline (marine-brackish water), obligate aerobe The type location is not known, but is assumed to be the German Sea coast near Hamburg (Foissner, 1993) . Kahl (1931) found A. marinum in infusions (location not defined) and only mentions that it is fairly common and sometimes occurs in high abundances. Detcheva (1982) 
Comparison with original descriptions and related species
The genus Aristerostoma Kahl, 1926 (order Cyrtolophosidida Foissner, 1978 , family Cyrtolophosididae Stokes, 1888) is diagnosed as very small, laterally flattened and completely ciliated (Foissner, 1993) . As pointed out by Foissner (1993) , the currently applied diagnostic characters are based on the incomplete description by Kahl (1931) . The genus is hardly distinguishable by light microscopy from Cyrtolophosis and Pseudocyrtolophosis, the other two genera within the Cyrtolophosididae. It has been suggested that Pseudocyrtolophosis may in fact be a junior synonym of Aristerostoma, or that both genera may in turn be junior synonyms of Cyrtolophosis (Foissner, 1993) . A major reason for an uncertain species identification is a lack of information about the infraciliature leading to an obscured general morphology of the genus Aristerostoma (Foissner, 1993) .
One marine and one freshwater species have been described in the genus Aristerostoma by Kahl (1926 Kahl ( , 1931 . Both of the taxa lack type material and modern silver stains. While our findings contrast with the description of A. minutum (habitat, body shape, longitudinal rows, see Foissner, 1993) , they agree with the rudimentary morphological description of A. marinum by Kahl (1931) (Table 3 ) and the ultrastructural description (nuclear and oral structures) of Detcheva & de Puytorac (1979) as summarized in Foissner (1993) . This is based on the position and shape of the macronucleus (spherical, in the centre of the cell) and the position of the contractile vacuole (near the posterior end). The oral apparatus is in the anterior third and bordered on the right by a paroral membrane. On the opposite side of the oral apparatus are four adoral organelles that are composed of two ciliary rows each.
Our analyses revealed the following additional characters of the oral apparatus: (i) the first oral membranelle
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International Journal of Systematic and Evolutionary Microbiology 59 (membranelle 1) consists only of four monokinetids (Fig. 4) ; (ii) in contrast to former descriptions (see Foissner, 1993 ) the paroral membrane is not composed of only dikinetids, but of five anterior dikinetids and three posterior monokinetids and thus, is bipartite (Figs 2b, 3 ) (iii) the bipartite paroral membrane does not display a gap. Thus, it is very similar but not identical to other genera of the Cyrtolophosididae (Fig. 4) . For example, the gap between the anterior and posterior segment of the paroral membrane is highly variable in Cyrtolophosis (Fig. 4 , see Fig. 215b in Foissner, 1993) and in Pseudocyrtolophosis about two thirds of the paroral membrane is non-ciliated (Fig. 4, Foissner, 1993) . In Plesiocaryon elongatum [5Balantiophorus elongatus Schewiakoff, 1892,5 Cyrtolophosis elongata (Schewiakoff, 1892) Kahl, 1931 ] the bipartite paroral membrane consists of an anterior row of six or seven pairs of kinetosomes whereas the posteriormost is a row of five single kinetosomes both being separated by a distinctive gap (see Fig. 4 and Fig. 1b in Diaz et al., 2002) . Furthermore, the posterior portion of Plesiocaryon terricola is composed of an average of four widely spaced, barren monokinetids appearing as minute thickenings in vivo (Fig. 4 , Foissner et al., 2002) . Because of only rudimentary descriptions of A. minutum, at this point we are not able to distinguish A. marinum from A. minutum based exclusively on the oral structure. However, A. marinum is clearly distinct from other genera within the Cyrtholophosididae when the structure of the oral apparatus is considered.
In contrast to Kahl's population (30 mm), our type material is on average half as long (15 mm, Tables 2 and 3 ). Decheva & de Puytorac (1979) , who did not provide a species epithet, gave a length of about 20 mm. Neither of these earlier descriptions give a value for cell width. Thus, this characteristic is added to the species diagnosis given in this study (9-23 mm in vivo, 10-20 mm after protargol). In his first description, Kahl pointed out that he was not able to see the dorsal infraciliature under light microscopy. However, in a schematic drawing, the author shows six longitudinal rows on the right lateral side. Using protargol impregnation and SEM, we can clearly identify six kinety rows with their detailed infraciliature (see Figs 2 and 3) . This serves as an additional criterion for the identification of this species, as all other members of the family Cyrtolophosididae possess 8-10 somatic kinety rows (Table 3 ). The detailed infraciliature of A. minutum is unknown but this species seems to have more longitudinal kineties (at least eleven according to the schematic drawing of Kahl, 1931) .
We confirmed the observation of Detcheva & de Puytorac (1979) that the macronucleus and the micronucleus share an outer membrane of the nuclear envelope in the genus Aristerostoma. While they did not identify their isolate down to the species level, here we show that this character state occurs in A. marinum. Since it is not known how widespread the shared outer membrane is distributed in the Cyrtolophosidida, it is important that each species is investigated using SEM (Dunthorn et al., 2008) . As for the other species in the genus, we still lack detailed descriptions of division morphogenesis for A. marinum and these will have to be investigated in further studies.
Pairwise distance between Aristerostoma morphospecies
In this study, we sequenced two different Aristerostoma populations: one from the ATCC, which is an unidentified species, and one isolated from the Framvaren Fjord in Norway, which we identified as A. marinum. As the SSU-rDNA sequences of both taxa have a pairwise difference of 4.285 % they may represent two different species. Thus, future efforts are in order to characterize the ATCC population in detail. This ATCC population is unlikely to be the other known species in the genus, A. minutum, as this is from freshwater.
Phylogenetic placement of the order Cyrtolophosidida
Increased taxon sampling using the three new morphospecies sequenced here does not support the monophyly of the order Cyrtolophosidida (Fig. 6) . Instead, the order divides into two groups that have distinctive oral morphologies. Genera in the clade Cyrtolophosidida I, containing all Cyrtolophosididae sequences, have a nonciliated kinety on the right margin of the adoral organelles and the oral apparatus is located subapically. Genera in the group Cyrtolophosidida II, which contains the remainder of the order plus the order Sorogenida, lack a non-ciliated kinety and the oral apparatus is located at the apical pole (Dunthorn et al., 2008) .
To further test the monophyly of the order Cyrtolophosidida, we compared the morphologically based hypothesis of Foissner (1993) for the Cyrtolophosidida with the topology of the SSU-rDNA ML tree produced in this study. An ML analysis of the SSU-rDNA sequences with the nonconstrained topology was significantly more likely to be monophyletic than the constrained topology according the KA test. As for the increased taxon sampling discussed above, this comparison also does not support the monophyly of the Cyrtolophosidida.
Reconciling morphology and molecules
Here, we focus on arguments presented by Foissner et al. (2004) to discuss why there is disagreement between the morphological classification of the Cyrtolophosidida by Foissner (1993) with that of the SSU-rDNA topology found in this study.
SSU-rDNA sequences are misidentified. The sequences for Cyrtolophosis from Dunthorn et al. (2008) could be from another ciliate. However, we argue that we can reject this argument as the other sequences from the family Cyrtolophosididae found in this study match the Cyrtolophosis sequences more closely than any other ciliate.
Phylogeny of Cyrtolophosididae SSU-rDNA sequences are paralogues. Paralogues for protein-coding loci seem to be rampant within ciliates (e.g. Israel et al., 2002; Katz et al., 2004) . However, we argue against this as divergent SSU-rDNA paralogues have yet to be reported within ciliates (or at least paralogues in which there has not been concerted evolution).
Insufficient taxon sampling. Insufficient taxon sampling can lead to spurious results (Cummings & Meyer, 2005; Graybeal, 1998; Hedtke et al., 2006; Hillis, 1998; Hillis et al., 2003; Poe & Swofford, 1999) . We argue that we can reject this argument as we now have eight sequences from the family Cyrtolophosididae (representing three of the four genera in the family) and the same non-monophyletic topology is recovered as in Dunthorn et al. (2008) , which only had two sequences from the same morphospecies.
Long-branch attraction. Heterogeneous rates of evolution among branches can lead to spurious results (Felsenstein, 1978) . All methods of analyses suffer from this problem to one degree or another (Hendy & Penny, 1989; Huelsenbeck & Hillis, 1993; Kolaczkowski & Thornton, 2004) , although the extent of statistical inconsistency in real datasets is questionable (Anderson & Swofford, 2004; Bergsten, 2005; Siddall & Whiting, 1999) . We argue that we can reject long-branch attraction for our SSU-rDNA dataset for two reasons. First, a visual inspection of the genealogy does not show any protruding single or paired long-branches. Second, successively removing the fastest and second fastest nucleotide sites still produced the same nonmonophyletic topology.
Gene tree versus species tree. The topology of any gene genealogy may not accurately reflect the actual species phylogeny (Doyle, 1992 (Doyle, , 1997 Maddison, 1997) . Since we only have a single-gene genealogy in this study, we cannot rule out problems caused by incomplete lineage sorting of ancestral alleles.
The Cyrtolophosidida is truly not monophyletic. The Cyrtolophosidida may actually be a non-monophyletic group brought together based on the combination of possibly homoplastic characteristics. If this is indeed the case, then we can suggest two scenarios of morphological evolution: either the members of the Cyrtolophosidida may contain plesiomorphic characters (e.g. oral morphology), or there was convergent evolution along the two branches leading to Cyrtolophosidida I and Cyrtolophosidida II (e.g. shared outer membrane of the nuclear envelope). Further analyses of other loci are needed to test these scenarios.
Assignment of GenBank environmental SSUrDNA sequences to the Cyrtolophosididae
In this study, we have also placed cloned haplotypes from previously published molecular environmental diversity surveys into a phylogenetic context in the Colpodea. If we consider the close sequence similarity of HAVOmat-euk43 and LKM63 to P. alpestris, as well as the branching of these sequences inside a well-supported clade (Fig. 6) , it is reasonable to assume that these organisms may indeed be tentatively assigned to the genus Pseudocyrtolophosis. It is not possible to say to which species in the genus Pseudocyrtolophosis these organisms should be assigned since LKM63 originates from a freshwater lake in the Netherlands (van Hannen et al., 1999) and HAVOmateuk43 was isolated from a Hawaiian lava cave microbial mat (M. V. Brown and others, unpublished). The morphospecies in Pseudocyrtolophosis have likewise been isolated from a number of terrestrial environments (Foissner, 1993) .
Interestingly, the environmental sequence PAA10AU2004, retrieved from a French freshwater lake (Lefèvre et al., 2007) , cannot be phylogenetically assigned to any of the sequenced genera within the family Cyrtolophosididae. Thus, it is likely that we are still far from recognizing all of the genera within this family.
Our analyses of the Colpodea demonstrate that increasing the sampling density of known ciliate taxa in phylogenetic studies is needed in order to phylogenetically assign unidentified environmental clones to known ciliate lineages as seen previously in the class Plagyopylea (Stoeck et al., 2007) . By doing so, we can make predictive hypotheses of the possible morphology of the ciliates from which the clones are derived, as well as their possible metabolic and ecological roles in the environment from which they were sampled. For example, the environmental clones from previous environmental surveys placed in the family Cyrtolophosididae in this study could be small herbivorous ciliates feeding primarily on bacteria as found for other taxa in this family.
CONCLUSIONS
Based on our improved observations of A. marinum, it became evident that the genus Aristerostoma is a distinct taxon within the order Cyrtolophosidida. This genus is probably not a junior synonym of other genera in the family, although A. minutum needs to be sampled to support this. A. marinum can be separated from other taxa in the family based on its specific infraciliature and oral structure.
Increased taxon sampling within the family Cyrtolophosididae supported an earlier analysis showing a nonmonophyletic topology of the order Cyrtolophosidida. The family Cyrtolophosididae was again found on a separate branch from the rest of its order. Constrained analyses comparing the likelihood of the morphological placement with that of the SSU-rDNA placement, as well as removal of the fastest evolving sites, also supported this nonmonophyletic topology. However, sampling of other loci is needed to confirm these results.
In the monograph of the class Colpodea, Foissner (1993) describes only one marine species with the remaining taxa M. Dunthorn and others being freshwater or terrestrial. This study, which places two potentially different species cultured from separate marine environments, points to the possibility of further Colpodea species waiting to be uncovered in future observations of marine habitats.
